The objective of this work was to study the effect of ecophysiological factors on trichothecene gene expression and growth in F. graminearum. The effect of non-ionic solute water potentials and temperature was examined on in vitro mycelial growth rates and on expression of the TRI5 gene, involved in trichothecene biosynthesis, quantified by real time RT-PCR. This study showed optimal values of 25 ºC and -2.8 MPa (0.982 a w ) for growth. Marginal temperatures such as 15ºC and 30-35ºC, particularly in combination with water potentials below -2.8 MPa, drastically reduced growth. The induction of TRI5 was constant although some induction was observed between 20-30ºC, the most favourable temperatures for growth, depending on the water potential imposed, particularly at -7.0 MPa. A temporal kinetic experiment at 25ºC examined the effect of ionic solute stress on TRI5 gene expression and growth rate. The results indicated independence of growth rate and TRI5 expression, as the fungal biomass increased with time while the gene expression remained constant. This suggested that favourable conditions for growth will result in higher trichothecene production, and that toxin production would always accompany the colonization process at a steady rate while the conditions for growth are permissive. Quantification of key biosynthetic toxin genes by real time RT-PCR was shown to be a valuable tool to gain knowledge of the ecophysiological basis for trichothecene biosynthesis and enable better control strategies to be developed during the life cycle of this important mycotoxigenic pathogen of cereals.
INTRODUCTION
F. graminearum Schwabe (teleomorph: Gibberella zeae (Schw.) Petch) is a widely distributed pathogen of cereal crops which causes important economic losses resulting in yield reduction, poor seedling germination and contamination of seed with toxins such as deoxinivalenol (DON), nivalenol (NIV) and zearalenone (ZEA) (Bai and Shaner, 1994; Snijders, 1990; Tuite et al., 1990) . DON and NIV are trichothecene B mycotoxins. Consumption of food contaminated by these compounds by human and animals results in vomiting, alimentary hemorrhaging and dermatitis. These toxins are potent inhibitors of eukaryotic protein synthesis and induce apoptosis. ZEA has a high estrogenic activity. DON has also been associated with liver disease and esophageal cancer (Bennett and Klinch, 2003; Yazar and Omurtag, 2008) . Because of the toxicity of these mycotoxins and their occurrence in cereals being close to the Tolerable Daily Intake values (TDI) they are is considered a health risk by Food Safety authorities (e.g.
Primer design and PCR amplification
TRI5 sequences from the main trichothecene-producing species of Fusarium associated with cereals (F. graminearum: AY102605, AY102603 and AY102599; F.
pseudograminearum: AY102585 and AY102583; F. culmorum: AY102602 and AY102571; F. poae: AY130294; and F. sporotrichioides: AF364179) were obtained from Genbank (National Center for Biotechnology Information database) and they were aligned by Clustal method using Dnastar (Lasergene, Madison, WI, USA (data not shown).
The pair of primers used to amplify TUB2 gene (the endogenous control gene used in the real time RT-PCR described below to normalize the results) was designed using the Primer Express ® software (Applied Biosystems, Foster City, CA) with TUB2 sequences from the F. graminearum strains available in Genbank (AY781313, AY781312, AY781311, AY781310 and AY781309). As described above we performed the alignment of these sequences by the Clustal method using Dnastar (Lasergen, Madison, WI, USA). The primer pair designed for F. graminearum was TUB2PQ-PF (5'
CCGAGGCCCAGTCCAACT 3') and TUB2PQ-PR (5' GGCGTCTTGGTATTGCTGGTA 3'). The specificity of the PCR assay was assessed with genomic DNA in a number of 
Inoculation, incubation and growth assessment
A 3-mm-diameter agar disk from the margin of a 7-day-old growing colony of FgB grown at 25ºC was used to centrally inoculate each replicate and treatment. The plates were incubated at 15, 20, 25, 30 and 35 ºC for 10 days on the GYEP medium modified with glycerol. The experiment consisted of a fully replicated set of treatments with at least three replicates per treatment. Experiments were repeated once.
Assessment of growth was made daily during the 10-day incubation period. Two diameters of the growing colonies were measured at right angles to each other until the colony reached the edge of the plate. The radii of the colonies were plotted against time, and a linear regression was applied to obtain the growth rate as the slope of the line.
An additional temporal experiment was carried out on the GEYP medium modified with NaCl. This study was carried out at 25ºC for 3, 6, 9 and 12 days. Three independent replicates were destructively sampled at each time point and analyzed.
RNA isolation and cDNA synthesis
The biomass was removed from the cellophane at the end of the incubation period, and the total RNA extracted using the "Total Quick RNA cells and tissues" kit (Talent, Italy), according to the manufacturer's instructions, and stored at -80°C. DNase I treatment was used to remove genomic DNA contamination from the samples using 
Real time RT-PCR and quantitative analysis of the data
Real time RT-PCR was used to amplify TRI5 and TUB2 cDNA from FgB using both pairs of primers described above. Real time RT-PCRs were performed using an ABI PRISM 7700 sequence detection system (Applied Biosystems). The PCR thermal cycling conditions for both genes were as follows: an initial step at 95°C for 10 min and 40 cycles at 95°C for 15 s and at 60°C for 1 min. SYBR green PCR master mix (Applied Biosystems) was used as the reaction mixture, with the addition of 2.6 µL of sterile Milli-Q water, 1.2 µL of each primer (5 µM), and 5 µL of template cDNA, in a final volume of 20 µL. In all experiments, appropriate negative controls containing no template were subjected to the same procedure to exclude or detect any possible contamination or carryover. Each sample was amplified twice in every experiment. The results were normalized using the TUB2 cDNA amplifications run on the same plate.
The TUB2 gene is an endogenous control that was used to normalize quantification of mRNA target for differences in the amount of total cDNA added to each reaction. In real time RT-PCR analysis, quantification is based on the threshold cycle (C T ), which is defined as the first amplification cycle at which the fluorescence signal is greater than the minimal detection level, indicating that PCR products become detectable. Relative quantitation is the analytic method of choice for this study (Gizinger, 2002) . The PCR efficiencies of both genes were measured by performing a 10.fold serial dilution of positive control template to generate a standard curve, and by plotting the C T as a function of log 10 of template. The slope in the standard curve for the amplification of the TUB2 gene was -3.22 while the slope in the standard curve for the amplification of 
Statistical analysis of results
The linear regression of increase in radius against time (days) was used to obtain growth rates (mm/day) as indicated above for each set of treatments. Analyses of variance were performed of the growth rates, TRI5 gene expression and temporal studies including the data of the three replicates from each experiment. All sets of results were evaluated by using StatGraphics Centurion XV.II (Statistical Graphics
Corp., Herndon, VA). TRI5 gene expression data were transformed prior to analysis by y = log 10 (TRI5 gene expression). Figure 1 shows the bi-dimensional map of relative growth rate of the FgB strain in response to non-ionic solute potentials (between -0.7 and -9.8 MPa) and to temperatures (15-35ºC). The fastest growth was observed at 25ºC and at -2.8 MPa s (9-10 mm/day 1 ), although growth rates were still high at 20ºC and 30ºC (7-8 and 6-7 mm/day, respectively) at both -0.7 and -2.8 MPa s . Solute water potential of -7.0 MPa or lower, severely reduced growth rate, particularly at marginal temperatures of 15ºC or 30-35ºC. The ANOVA analyses of the effect of single factors considered in the study (temperature and solute potential) on growth rate, as well as the interaction of both factors indicated that single factors and their interactions were statistically significant (Table 1) . At higher temperatures (35ºC) significant differences were not found between water stress levels of -0.7 and -7.0 MPa s , while at higher water stress levels no significant differences were found between 15 and 35ºC and 20 and 25ºC
RESULTS

Effects of temperature and non-ionic solute stress on growth rate
(data not shown). Figure 2 shows the relative TRI5 gene expression pattern of FgB strain cultured for 10 days in response to both temperature and water potential. The ANOVA showed statistically significant effects for both single factors considered in the study (temperature, solute potential), whereas their interaction was not statistically significant (Table 2) The information available from the literature on DON production also indicates a wide range of permissive conditions for DON production and some variation regarding the optimal conditions at between 25-30ºC and water potentials between -0.7 and -2.8
Effects of temperature and non-ionic solute stress on TRI5 gene expression
MPa (Hope et al., 2005; Llorens et al, 2004; Ramírez et al., 2006; Versonder et al., 1982 The study of the temporal kinetics of the effect of water stress on growth and TRI5 expression, at the most permissive temperature for growth (25ºC), indicated a constant pattern of gene expression in all the ionic water stress conditions tested over the 12 day period. These results contrast significantly with those obtained for the fumonisin-producing F. verticillioides. Although in this case an uncoupling between growth and the key fumonisin biosynthetic gene (FUM1) expression was also observed, a marked induction of FUM1 expression was produced as water stress was imposed (Jurado et al., 2008) . Overall, this suggests that favorable conditions for F.
graminearum to grow will result in higher trichothecene production, and that toxin production would always accompany the colonization process within a wide range of conditions, although the contribution to the total toxin amount produced at optimal and permissive conditions for growth will be higher than the rest. This is supported by the high correlation reported previously between DON production and fungal mass (DNA amounts) in wheat samples (Fredlund et al., 2008; Schnerr et al., 2002; Waalwijk et al., 2004 ).
The different pattern observed for these two important Fusarium pathogens and toxin producers, F. graminearum and F. verticillioides, indicates the importance of regulation and suggests differences in the ecophysiological role that toxins might play in the lifecycle of these two species during host colonization. Furthermore, this type of information is essential in the development of climate based risk models for determining the potential for contamination of cereal grain with this trichothecene mycotoxin and to decide the most efficient strategies to control both growth and toxin production. 
